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INTRODUCTION

T
he urgent need for finding clinical agents suitable for

the treatment of AIDS has prompted unprecedented

progress in both biochemical and structural studies

on proteins essential to the retroviral life cycle. The

observation that retroviruses encode a specific pro-

teolytic enzyme vital for their replication indicated that a

protease from HIV-1 would be a promising target for the

design of anti-AIDS therapeutics. The genetic locus and pri-

mary structure of HIV-1 PR had been known since 1985;

however, its molecular characterization was hampered by dif-

ficulties in obtaining enough purified protein (for review see

Ref. 1). In September 1987, Pearl and Taylor published a hy-

pothetical model of the fold of HIV-1 PR backbone. The

model was based on the prediction that the viral PR corre-

sponds to a single domain of the eukaryotic (‘‘pepsin-like’’)

aspartic protease and functions in a dimeric form (Ref. 2 and

references therein). This hypothesis certainly required confir-

mation by experimental results, and also a detailed knowl-

edge of the tertiary structure, including side chain locations,

was needed for design of specific inhibitors.

At the dawn of the structural biology era, the emerging

new technologies, routinely used at present, were not yet

fully developed. The NMR technique to determine three-
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ABSTRACT:

Soon after its discovery, the attempts to develop anti-

AIDS therapeutics focused on the retroviral protease

(PR)—an enzyme used by lentiviruses to process the

precursor polypeptide into mature viral proteins. An

urgent need for the three-dimensional structure of PR to

guide rational drug design prompted efforts to produce

milligram quantities of this enzyme. However, only

minute amounts of PR were present in the HIV-1 and

HIV-2 viruses, and initial attempts to express this protein

in bacteria were not successful. This review describes

X-ray crystallographic studies of the retroviral proteases

carried out at NCI-Frederick in the late 1980s and early

1990s and puts into perspective the crucial role that the

total protein chemical synthesis played in unraveling the

structure, mechanism of action, and inhibition of HIV-1

PR. Notably, the first fully correct structure of HIV-1 PR

and the first cocrystal structure of its complex with an

inhibitor (a substrate-derived, reduced isostere

hexapeptide MVT-101) were determined using chemically

synthesized protein. Most importantly, these sets of

coordinates were made freely available to the research

community and were used worldwide to solve X-ray

structures of HIV-1 PR complexes with an array of

inhibitors and set in motion a variety of theoretical

studies. Publication of the structure of chemically

synthesized HIV-1 PR complexed with MVT-101 preceded

only by six years the approval of the first PR inhibitor as

an anti-AIDS drug. # 2010 Wiley Periodicals, Inc.
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dimensional structures of macromolecules was not yet in

use. Very few groups had access to synchrotron facilities, and

X-ray diffraction studies usually required quite a number of

large crystals. In the case of a new structure, the phasing

problem had to be overcome with the help of heavy atom

derivatives. In the absence of crystallization robots, obtaining

crystals and finding useful heavy-atom derivatives required a

considerable amount of pure protein and were time-consum-

ing. Nonetheless, the structure determination of about a 100

amino acid-long protein (124 and 99 for RSV and HIV-1 PR,

respectively) containing cysteine was not a formidable task

even 20 years ago. The main obstacle for the structural stud-

ies of PR to progress was the lack of adequate amounts of the

protein. Recombinant methods and chemical synthesis of the

large polypeptides found in proteins were in their infancy at

that time, and the major part of material used for biophysical

studies of proteins was extracted from cell cultures or organ-

isms. In the case of HIV-1, it would require an accumulation

of large volumes of a highly concentrated, dangerous patho-

gen. Scarcity of the protease present in HIV viruses and ini-

tial difficulties in cloning the enzyme in bacteria, prompted

researchers to try chemical synthesis.3–6 However, obtaining

milligram quantities of a folded homogenous protein of that

size by the stepwise solid phase peptide synthesis7 posed a

major challenge at that time. For these reasons, several

groups turned to the closely related avian viruses, which pro-

duced &20 times more of their PR, and were not toxic to

humans. The first crystal structure of retroviral PR was

reported by Miller et al. for the enzyme from Rous sarcoma

virus (RSV).8 A practically unlimited amount of protein sup-

plied by Jonathan Leis from Case Western University allowed

for obtaining crystals and their derivatives necessary for an

unambiguous tracing of the polypeptide chain in the electron

density maps. Shortly thereafter, a 3-Å resolution structure

of recombinant HIV-1 PR was reported by the Merck group,9

which was the first one to succeed in large-scale purification

and crystallization of the HIV-1 PR expressed in bacteria (see

Ref. 1 and references therein). Although the structure

revealed essential features of the catalytic apparatus and the

presumed substrate binding cleft at the interface between the

two subunits, it differed in important aspects from the X-ray

structure of RSV PR. In addition, no side chain locations

were publicly made available. Because of the importance of

knowing the detailed atomic model of HIV protease for drug

design, collaboration was initiated between the chemical pro-

tein synthesis group of Stephen Kent at the California Insti-

tute of Technology and the Crystallography Laboratory at

NCI-Frederick, with an aim to solve the molecular structure

of HIV-1 PR, both in an unliganded form and in a complex

with substrate-based inhibitors.

THE CRYSTAL STRUCTURE OF RSV-PR
The first batch of the avian enzyme (ASLV-PR) was produced

for crystallographic studies in 1985; however, the protein did

not crystallize, despite the two year-long effort of two groups

(Peter Strop, personal communication). Single crystals suita-

ble for X-ray diffractions studies (Figure 1a) were obtained

with protein purified from viral particles from an RSV Pr-C

strain. Trigonal crystals containing two molecules of the pro-

tease in the crystallographic asymmetric unit were grown

under conditions in which the protease remains active (pH

5.4).10 The structure was solved by the multiple isomorphous

replacement method (MIR).8 Several heavy-atom derivatives

were easily obtained by soaking the crystals in uranyl acetate,

mercury, and platinum-containing compounds. The electron

density map (Figure 1b) based on MIR phases from four

derivatives showed clearly the molecular boundary of the

dimer and several characteristic sequence features, including

the active site. With the exception of eight residues in the

flap region (see below), which were disordered in the crystal,

whole polypeptide chains corresponding to the two mono-

mers were defined by contiguous electron density.

The crystal structure (Figure 2a) fully confirmed the pre-

dictions that the subunit of a retroviral PR homodimer corre-

sponds to a single domain of the eukaryotic (‘‘pepsin-like’’)

aspartic protease, so that the general topology of the molecule

could be described by analogous nomenclature conventions.11

Two subunits interact to form a symmetric dimer. Each subu-

nit donates the catalytic triad—Asp-Ser-Gly—to the active

site that closely resembles the highly conserved active sites of

monomeric, bilobal cellular proteases such as pepsin. Instead

of one flap (a long flexible b-hairpin loop from the N-termi-

nal domain) closing over the active site in pepsins, the homo-

dimeric retroviral enzyme has two poorly ordered flaps. In

fact, eight residues from the tips of each flap were not located

after refinement of the structure at 2-Å resolution.12 The

dimer interface—which corresponds to the inter-domain

junction of pepsin-like proteases formed by six strands—is

composed of the N- and C- termini from both monomers,

which are intertwined to form a four-stranded antiparallel b-
sheet. Surprisingly, the crystal structure of HIV-1 PR, which

was reported a week later,9 showed differences in main chain

connectivity and in the secondary structure in this region.

The first five N-terminal residues were reported to be disor-

dered and a helix which forms part of the highly conserved

motif of aspartic proteases was missing, leading to a quite dif-

ferent intersubunit b-sheet topology in contrast to that found

in the RSV PR structure. However, a model constructed by

Weber et al., based on the initial RSV-PR coordinates, showed

that the shorter HIV-1 PR polypeptide chain can have a

similar core structure as the RSVenzyme.13
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The RSV-PR was the first structure of a retroviral PR, and

it was solved solely by MIR. With the exception of the chemi-

cally synthesized HIV-1 PR (see below), all subsequent struc-

tures of retroviral proteases were determined with the help of

the existing models.

CRYSTAL STRUCTURES OF CHEMICALLY
SYNTHESIZED HIV1-PR

Getting the Things Right: Crystal Structure of the

Free HIV1-PR

The amino acid sequence of chemically synthesized HIV-1

protease used for crystallographic studies (for an early review

see Ref. 14) corresponded to the SF2 isolate, with the two

Cys residues replaced by L-a-Amino-n-butyric acid (Aba)

(see Figure 3a). The synthetic enzyme was prepared by Jens

Schneider and displayed the same specific proteolytic activ-

ity, and had a turnover number similar to the enzyme

derived from bacterial expression.15 Single crystals were

grown in similar conditions and were isomorphous with

those previously reported for the recombinant protein.9 The

crystal structure was first solved by molecular replacement

using a model based on the RSV PR crystal structure13 and

was independently validated by the MIR method (Figure 3c).

It is worth noting that useful heavy atom derivatives of HIV-

1 PR crystals were difficult to obtain. Uranyl acetate (also

lead nitrate used by Merck group for the same purpose) was

bound in the active site located on the crystallographic two-

fold axis and provided only limited phase information. Fur-

thermore, the enzyme was highly active and autolysis, which

occurred in the absence of an inhibitor, precluded formation

of large, well diffracting crystals. The electron density map

FIGURE 1 Determination of the RSV-PR crystal structure. (a) Crystallization: clusters of improper

microcrystals, which grew from 10% ammonium sulfate; pH 5.4 and single crystals obtained upon

the ‘‘magic’’ addition of dimethyl formamide (DMF). Crystals belong to the space group P3121 with

the unit cell parameters a ¼ b ¼ 88.95 Å, c ¼ 78.9 Å (b) Electron density maps (calculated using

MIR phases improved by solvent flattening) are shown for the dimer interface region (left) and for

the WPTDWP loop (right), which served as a starting point for sequence fitting. A combined lack of

closure refinement of the best four derivatives (uranyl acetate, mercury acetate, methyl mercury ace-

tate, and mersalyl) with anomalous scattering for the uranyl derivative included, gave a total figure of

merit of 0.67 (>0.5 for the last resolution shell) for 3-Å data.
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calculated using MIR phases based on two derivatives was of

medium quality. Whereas most of the chain was found in the

contiguous density, a number of breaks were present and chain

tracing would have been very difficult in the absence of the in-

formation provided by the molecular replacement solution.

The final model at 2.8-Å resolution completely confirmed

the conserved folding for retroviral proteases and their rela-

tionship with fungal and mammalian aspartic proteases.16

The HIV1-PR homodimer interface is composed of four

well-ordered b strands from both the amino and carboxyl

termini, and residues 86–94 have a helical conformation—in

agreement with the RSV PR structure and the predicted

models.2,13 Both retroviral enzyme molecules contain a

mixed b-pleated sheet (see Figure 2) of two intertwined

motifs of four strands related by a pseudo dyad, the active

site triad located on the wide loop and the buried ‘‘fireman’s

grip’’ between the two identical subunits. Shorter than in the

RSV-PR flaps, the residues 43–56 are well ordered but seem

to be immobilized away from the active site by the intermo-

lecular contacts in the crystal lattice. Importantly, the

arrangement of N- and C-terminal strands, which interact to

produce an active dimer, observed in both enzymes, indi-

cated the intermolecular mechanism for the release of the PR

from the precursor protein. These results also showed for the

first time that a chemically synthesized protein can fold cor-

rectly without being exposed to a ribosome and can crystal-

lize isomorphously with the protein obtained from living

cells.

Rao et al.17 compared the structural and evolutionary

relationships between the retroviral RSV and HIV-1 protease

homodimers against six bilobal fungal and mammalian as-

partic proteases. In this study, the conserved parts corre-

sponded to the structural regions related by the twofold axis

present in both sets. The retroviral PR monomer exhibits the

same degree of structural equivalence to the N- and C-

domains of the eukaryotic enzymes. Two of the three highly

conserved amino acid stretches of the retroviral enzyme in

the C loop-a helix motif bear moderate sequence similarity

with the corresponding eukaryotic enzymes. The third one in

the flap region bears no such sequence similarity. The inter-

domain antiparallel b sheet in the cellular enzymes differs

from the intersubunit b sheet in the number, arrangement,

and directionality of the strands. This study strongly sup-

ports the evolutionary relatedness of the eukaryotic and ret-

FIGURE 2 Cartoon representations of the crystal structures discussed in the text. (a) Unliganded

RSV-PR; PDB entry 2RSP. Note disordered ends of both flaps. (b) Unliganded HIV-1 PR obtained by

total chemical synthesis; PDB entry 3HVP. Flaps are in ‘‘semi-open’’ conformation. (c) Aspartic pro-

tease from Rhizopus chinesis bound to a reduced isostere inhibitor; PDB entry 3APR. One flap closes

in ‘‘flat’’ orientation over inhibitor. (d) synthetic HIV-1 PR bound to JG-365 inhibitor; PDB entry

7HVP. Both flaps close in ‘‘edge on’’ conformation over the inhibitor.
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roviral aspartic PRs to a common ancestral domain or subu-

nit. Further, the pseudo-dyad in retroviral PR monomers was

shown to be a consequence of topology and folding, and

does not seem to have much evolutionary significance.18

Crystallographic Studies of Chemically Synthesized

HIV-1 PR Complexed With the Reduced Isostere

Hexapeptide Inhibitor MVT-101

From the structure of the unliganded enzyme, it was not pos-

sible to deduce the exact mode of substrate binding. Particu-

larly intriguing was the role of the two flaps present in the

homodimeric enzyme molecules. In the cell-encoded, pep-

sin-like aspartic proteases the single flap closes down over

substrate, desolvates it, and contributes to the formation of

the specificity pockets involved in substrate recognition (for

a review see Ref. 19). In the available crystals of unliganded

HIV-1 PR, the crystallographic asymmetric unit contained

only one monomer, and the homodimer thus had perfect

twofold symmetry. It was anticipated that binding of the po-

lar protein substrate may introduce asymmetry in the retro-

viral enzyme itself. To address these considerations, we

sought to cocrystallize HIV-1 PR with a number of substrate-

based inhibitors.20 For that purpose, ample amounts of

HIV1-PR were produced by total chemical synthesis at Cal-

tech using a vastly improved protocol. The first compound

to study was a design based on the sequence of the CA/NC

cleavage site of the viral gag-pol polyprotein, in which the

scissile peptide bond had been replaced by a reduced analog.

The hexapeptide inhibitor MVT-101 with the sequence

N-acetyl-Thr-Ile-Nle-C[CH2-NH]-Nle-Gln-Arg � amide (Nle,

norleucine) was synthesized in the laboratory of Garland

FIGURE 3 Crystallization and MIR solution of synthetic HIV-1 PR. (a) A sample that made the

difference. The initial sample of synthetic enzyme contained just 0.2 mg—not quite enough for

extensive screening of the crystallization conditions—however, several small crystals were obtained

using a modified protocol described by McKeever et al.47 On the news that synthetic material crystal-

lized, within two weeks, Kent’s group set a precedent by producing &1 mg of folded protein. (b) Sin-

gle crystals of chemically synthesized HIV-1 PR. Tetragonal space group, unit cell parameters a ¼
50.2 Å, c ¼ 106.6 Å. (c) MIR electron density maps based on two derivatives, uranyl acetate and

K2PtCNS, showing (left) residues 1 to 10, and (right) residues 86 to 94, which were found in a helical

conformation.
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Marshall at the Washington University School of Medicine. A

mixture of the synthetic enzyme and a 10-fold molar excess

of the inhibitor at pH 5.4 was used for screening the crystalli-

zation conditions. Orthorhombic cocrystals (Figure 4a) con-

tained a protein dimer with one bound inhibitor molecule in

the asymmetric unit. The structure was solved by molecular

replacement, using the structure of unliganded HIV-1 PR as

the model and was initially reported at 2.3-Å resolution.21

Despite the symmetric nature of the unliganded enzyme, the

asymmetric inhibitor was fitted to the difference electron

density map in only one orientation. However, further

refinement of data collected at 2.0-Å resolution revealed

biderectionality of this hexapeptide in the crystal lattice.22 In

fact, following the static-disorder refinement, the orientation

of the hexapeptide in a direction opposite to the one initially

reported was assigned 70% of occupancy, and this orienta-

tion of the MVT-101 was recently reported as a unique

one.23 Modeling of MVT-101 in two alternative orientations

allowed for corrections of several inaccuracies in the original

model. Nonetheless, the first structure revealed the mode of

inhibitor binding, confirmed later by other structures of

complexes with a variety of inhibitors.24–26

The hexapeptide binds in an extended conformation, but

its backbone is slightly bent, so that main chain-main chain

interactions occur with both flaps and the body of the

enzyme. Six direct hydrogen bonds are formed between the

main chain carbonyls and NH groups, which include Gly27,

Asp29, and the carbonyl of Gly48 from both subunits (Figure

4c). No change in relative orientation of the two subunits of

the dimer is necessary to maintain these interactions with the

bound peptide, which binds in a pseudo-symmetrical way.

On the other hand, in comparison with the structure of the

unliganded enzyme, the (C, u) pair of dihedral angles of

Gly27 changes from (�728, �828) to (�928, 158) and

(�1028, 198) in subunits 1 and 2, respectively. As a result, the

carbonyls of Gly27 in both subunits turn *908 toward the

inhibitor, allowing for the formation of hydrogen bonds with

amide NHs from P20 and P1 sites. Also, planes of the car-

boxyl groups of Asp29 and Asp290 are rotated about 908, rel-
ative to their positions in the free enzyme. As the flaps fold

over the inhibitor, a peptide bond in the flap of one mono-

mer turns 1808, providing an attractive interaction between

the tips of the flaps.

The mode of inhibitor binding differs from that observed

for pepsin-like aspartic proteases in several aspects. Whereas

the single flap of the cell-encoded aspartyl proteases closes

down ‘‘flat’’ over the scissile bond, i.e., with the plane of the

reverse turn at the tip nearly parallel to the plane of the in-

hibitor peptide (see Figure 2), the two flaps of the HIV-1 PR

both close over the substrate-derived inhibitor, ‘‘edge on’’

(i.e., at &908) to the plane of the substrate polypeptide

chain. Moreover, direct hydrogen bonds between the amide

NH of peptide bonds near the tip of the flap to the substrate

that were observed in pepsin-like proteases, in the case of di-

meric retroviral enzyme, are donated from both flaps and are

mediated by a specific, tetrahedrally coordinated internal

water molecule (Wat301, originally numbered 511).

Contacts between the side chains of the inhibitor and pro-

tein residues define six or seven specific binding pockets

along the active site clef; however, only the four central ones

are well defined and they do not include solvent molecules,

other than Wat301. Binding of the inhibitor introduces sub-

stantial changes in the protein backbone, which leads to

decreasing of the active site cavity. The overall movement of

FIGURE 4 Crystallographic studies of MVT-101:HIV-1 PR com-

plex. (a) Crystals grew at room temperature from 60% ammonium

sulfate at the space group P212121; unit cell parameters a ¼ 51.7,

b ¼ 59.2 Å, c ¼ 62.45 Å. (b) Two alternative orientations of MVT-

101 hexapeptide; the major orientation (70% occupancy) is shown

in red. Upper panel shows initial 2.3 Å (|Fo| - |Fc|) electron density

map contoured at 1.25 r level. Lower panel shows (2 |Fo| - |Fc|)

electron density map, contoured at the 1.0 r level, calculated after

the final refinement using data extending to 2-Å resolution. (c)

Hydrogen bond interactions of the MVT-101 backbone (green) in

the active site.
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the subunits can be described as a hinge motion by 1.7 Å,

with the hinge axis located in the intersubunit b-sheet inter-
face. As expected, the largest movement involves flap regions

on both monomers, where the change of positions for the

tips of both flaps is as much as 7 Å.

These coordinates derived from X-ray structural analysis

of the chemically synthesized PR enzyme complexed with the

substrate-derived inhibitor were immediately used for a vari-

ety of purposes. The shape of the active site facilitated a

search of Cambridge Data Bank for nonpeptide compounds

that could potentially provide a good fit to the enzyme.27

The results of the multiple copy simultaneous search (MCSS)

method applied to the construction of peptide ligands in the

binding site of HIV-1 PR were first tested with the MVT-

101:HIV-1 PR complex structure.28 These coordinates were

also used in modeling studies of inhibitor binding to HIV-2

PR,29 and to determine the X-ray structures of several com-

plexes with the recombinant enzyme.30 The structure was

used for the molecular mechanics analysis of inhibitor bind-

ing to HIV-1 PR,31,32 and for a number of molecular dynam-

ics simulation studies.33–35

HIV-1 PR prepared by total chemical synthesis in the

Kent lab at Caltech was also used to determine the structures

of two other complexes with substrate-derived inhibitors

containing hydroxyethylamine (JG-36536 provided by

J. Green and D. H. Rich; University of Wisconsin) and

hydroxyethylene (U-85548e37 provided by R. L. Herikson,

A. G. Tomasselli and T. K. Sawer; The Upjohn Company)

isosteres. These were the first structures of the enzyme with

canonical examples of the two most important classes of

inhibitors of PR. These data have provided a unique oppor-

tunity for rational drug design, based on detailed knowledge

of the three-dimensional structure of the target molecule,

but details of such studies are beyond the scope of this article.

PROTEIN SYNTHESIS WITHOUT BORDERS
A new synthetic technology—the chemical ligation

method—was soon developed by Kent’s group, which not

only allowed the routine production of proteins with high

purity regardless of their size, but also permitted to introduce

specific modifications of individual functional groups.38 This

was achieved by chemical ligation of large unprotected pep-

tide segments by means of unique, mutually reactive func-

tionalities. The resulting ligated protein had a non-peptide

bond at the site of reaction between two peptides. This crea-

tive innovation made possible the precise replacement of a

single atom in the protein backbone, and brought the studies

of structure-activity relationship to a completely new level.

This method was applied to produce fully active HIV-1 PR (a

native peptide bond was replaced by a thioester bond

between residues Gly51-Gly52) and to prepare backbone-

engineered HIV-1 PR analogues to study the mechanism of

enzymatic catalysis (for review see Ref. 39).

The Crystal Structure of Ligated all-D HIV-1 PR

One of the first proteins prepared by the chemical ligation

method was ‘‘mirror image’’ HIV-1 PR composed of D-

amino acids.40 This was done to show that a polypeptide

composed entirely of D-amino acids (and glycines) is able to

properly fold to form a functional molecule and to investi-

gate the chiral specificity of the peptide substrate. Also, co-

crystals of both enantiomers of the enzyme, if obtained in

the centrosymmetric space group, would provide very high-

quality data for structural studies and render it amenable for

easy solution of the phase problem. The D-enantiomer of

HIV-1 PR prepared by chemical ligation, ([COS]51-

52)2HIV-1 PR), had the same chemical specificity as HIV-1

protease, but displayed reciprocal chiral specificity, i.e., the

D-HIV-1 PR cleaved D-peptide substrates but would not act

on L-peptide substrates. The same rule applied toward inhib-

itors.

Unfortunately, a racemic mixture of HIV-1 PR did not

crystallize. On the other hand, co-crystals of the D-protease

with a D-hexapeptide MVT-101 inhibitor were obtained (see

Figure 5a).39,41 The structure was solved by molecular

replacement, using the coordinates of protein dimer from

the structure of the complex of native backbone L-HIV-1 PR

FIGURE 5 Crystal structure of the D-enantiomer of backbone

engineered HIV-1 PR prepared by total chemical synthesis com-

plexed to D-MVT101 inhibitor. (a) Cocrystals were obtained from

50% ammonium sulfate, pH 5.4, in the space group P212121 a ¼
67.5, b ¼ 92.8, c ¼ 29.4 Å. There were two monomers of protein

and one inhibitor in the crystallographic asymmetric unit. (b)

Stereo view of Ca tracing of D HIV-1 PR. Bound D MVT-101 inhib-

itor is shown as green sticks. Coordinates were deposited to HIV

Structural Database48; accession code: NCI2009.

The Early Years of Retroviral Protease Crystal Structures 527

Biopolymers (Peptide Science)



and MVT101 inhibitor. The structure was refined to an R-

factor of 0.188 in the resolution range of 10–2.5 Å, following

the same refinement protocol as used for the L-complex. A

comparison of the structure with that of the natural-back-

bone synthetic L-amino acid enzyme showed that the two

molecules were in all respects the mirror images of each

other, including the centers of asymmetry not directly deter-

mined by the chirality of Ca atoms in the polypeptide back-

bone. These results vividly demonstrated that no chiral influ-

ences other than those inherent to the covalent structure of a

polypeptide chain are required for correct three-dimensional

folding to form a protein structure.

Despite the overall similarity, the crystal structure of

([COS]51-52)2HIV-1 PR:MVT-101 complex revealed some

important differences to the native backbone enzyme in the

flap region. Instead of a single tetrahedrally coordinated

water molecule, two distinct water molecules were observed

to mediate hydrogen bonds between the Gly49-Ile50 amide

bond and inhibitor P2 and P10 carbonyl groups. These two

water molecules were characterized by high thermal vibration

factors and only partial (&50%) occupancy. In addition,

whereas the N–Ca dihedral angle (u) for Ile50 was observed

to be �658 in both subunits in the original L-HIV-1

PR:MVT-101 complex,21,22 in the structure of ([COS]51-

52)2HIV-1 PR:MVT-101 complex, the Ile50 N–Ca dihedral

angle was �1108 in subunit 1 and �958 in subunit 2. These

changes in the flap geometry were most probably induced by

the replacement of the Gly52 NH moiety by the sulfur atom

of the thioester isostere, which affected the Gly49-Ile50 N-H

vector and thus water 301 binding. This was the first obser-

vation to cast doubt on the role of ‘‘crystallographic’’ water

301 in HIV-1 PR enzymatic activity and provided support

for the hypothesis that the retroviral enzyme may make use

of only one flap.41–43 Detailed analysis of the flap structures

in three complexes of HIV-1 PR, prepared by total chemical

synthesis, with inhibitors designed to mimic different states

on the reaction coordinate of peptide bond hydrolysis was

recently investigated by pulse-EPR spectroscopy by Torbeev

et al.44

PERSPECTIVE
The importance of total chemical protein synthesis for the

field of protein science has been widely recognized. However,

its potential for biological research is best illustrated by the

impact on the structural and functional studies of the HIV-1

PR. As described here, chemically synthesized protein was

used for the determination of the first correct structure of

the free HIV-1 PR enzyme and the first structure of the HIV-

1 PR complex with an inhibitor, as well as of two other im-

portant complexes. The coordinates of the synthetic HIV-1

PR:MVT-101 complex were deposited to Protein Data Bank

in April 1990, and for the two most critical years were the

only ones available free to researchers working worldwide on

the design of specific PR inhibitors. By 1994, articles report-

ing the structure of chemically synthesized HIV-1 PR16 and

its complex with the MVT-101 inhibitor21 were cited 409

and 268 times, respectively reflecting wide usage of these

coordinates for solving countless other structures of com-

plexes of recombinant PR with a variety of inhibitors, as well

as for a number of theoretical studies. Ligated D- HIV-1 PR

obtained by total chemical synthesis was used to explore the

world of D-proteins, for the first time experimentally illus-

trating the reciprocal chiral specificity of mirror image

enzyme molecules.

These early successes of an application of total chemical

synthesis were, however, just a prelude to a completely novel

approach to study physico-chemical and biological proper-

ties of macromolecules. Most notably, by providing the

means of producing protein analogs by replacing a single

backbone atom at any desired location, the new chemical

methods invented by Kent and coworkers opened endless

possibilities to investigate the action of proteins. The signifi-

cance of this breakthrough has recently become evident by its

role in the studies of the mechanism of HIV-1 PR catalysis.

Backbone-engineered analogs of HIV-1 PR were used to

investigate the contribution of flap-substrate hydrogen bonds

to the enzymatic activity of the retroviral enzyme and to

obtain atomic-resolution structures of HIV-1 PR with inhibi-

tors that provided invaluable insights into the catalytic appa-

ratus.23,45,46 These insights are currently being used to design

novel classes of inhibitors, which would be able to prevent

emergence of mutated drug-resistant viruses. These pioneer-

ing studies have now been carried on for more than 15 years

and will likely benefit efforts to stop AIDS epidemics for

many years to come.
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